INTRODUCTION
Astaxanthin, which is widely distributed in marine bacteria, green algae, crustaceans, fi sh, and birds 1 , is an excellent antioxidant not only for quenching singlet oxygen but also for lipid peroxidation 2, 3 . Astaxanthin has also been reported to exhibit several biological activities including anticarcinogenic, anti-infl ammatory, anti-diabetic, anti-obesity, and anti-melanogenesis effects 4 .
Carotenoids are generally unstable for oxidation. Oxidative degradation of β-carotene 5 7 , lycopene 8, 9 , and canthaxanthin 10 has been studied under various conditions. However, little is known about the oxidation products of astaxanthin. We previously studied the reaction products of astaxanthin with peroxynitrite to reveal the oxidative degradation mechanism of astaxanthin with atmospheric oxygen and free radicals 11, 12 . In the present study, we describe the isolation and identifi cation of reaction products formed during the self-initiated auto-oxidation of astaxanthin.
EXPERIMENTAL PROCEDURES

General
The UV-visible UV-VIS spectra of the samples in diethyl ether Et 2 O were recorded using a Hitachi U-2001 spectrophotometer. The positive ion FAB-MS spectra were recorded using a JEOL JMS-700 110A mass spectrometer with m-nitrobenzyl alcohol as the matrix. The 1 H-NMR 500
MHz and 13 C-NMR 125 MHz spectra were measured using a Varian UNITY INOVA 500 spectrometer in CDCl 3 with TMS as an internal standard. Preparative gel permeation chromatography GPC was carried out on a LC-908 HPLC system using a 600 20 mm inner diameter, 16 μm JAIGEL 2H column Japan Analytical Industry Co., Ltd., Tokyo, Japan , with an RI-5 detector Japan Analytical Industry Co., Ltd., Tokyo, Japan ; CHCl 3 was introduced at a flow rate of 3.8 mL/min as the eluting solvent. 
Auto-oxidation of astaxanthin
Extraction and separation of reaction products
The reaction products were extracted from the reaction mixture with acetone. The acetone extract was hydrolyzed with cholesterol esterase to remove the esterified fatty acids in the hydroxy group of astaxanthin. Hydrolysis of cholesterol esterase Wako Pure Chemical Industries, Ltd. was carried out in 0.05 M tris buffer solution pH 7.0 at 37 for 3 h. Following hydrolysis, the reaction products were separated by silica gel column chromatography to increase the percentage of acetone in hexane and remove the polymerized products. The fraction eluted with 30 acetone in hexane was further separated by GPC to afford 7-apoastaxanthinal 1 , 9-apoastaxanthinone 2 , 11-apoastaxanthinal 3 , 13-apoastaxanthinone 4 , 15-apoastaxanthinal 5 , 14 -apoastaxanthinal 6 , 12 -apoastaxanthinal 7 , 10 -apoastaxanthinal 8 , and 8 -apoastaxanthinal 9 .
Each reaction product was weighed, and the percentage compositions of the reaction products were calculated from the yield weight of each compound. 8 -Apoastaxanthinal 9 ; FAB-MS: m/z 446 M ; UV-VIS: 465 nm.
Ab initio molecular orbital calculations
Ab initio molecular orbital calculations were performed using the Gaussian 03 program Gaussian, Inc., Wallingford, CT . The starting coordinates were generated by inspection of the molecular model and were fully optimized using a Fujitsu HX600 super computer at the Information Technology Center of Nagoya University.
RESULTS AND DISCUSSION
The following nine apoastaxanthins were identifi ed from the reaction products: 7-apoastaxanthinal 1 , 9-apoastaxanthinone 2 , 11-apoastaxanthinal 3 , 13-apoastaxanthinone 4 , 15-apoastaxanthinal 5 , 14 -apoastaxanthinal 6 , 12 -apoastaxanthinal 7 , 10 -apoastaxanthinal 8 , and 8 -apoastaxanthinal 9 Fig. 1 . Among them, 3 and 6 were isolated and characterized for the fi rst time.
The identifi cation of 1, 5, and 9 was accomplished by the comparison of the physical and spectral data with those published in the literature 12 . The spectral data of 7 and 8
were also identical to those reported by Hayakawa et al. 12 .
We previously reported that 4 is a reaction product of astaxanthin with peroxynitrite 12 . However, this structure was misidentifi ed. The correct structure of 4 was reported in Hayakawa et al. 12 as 13-apo-8-nitroastaxanthinone. In the present study, the structure of 4 was fully characterized by spectroscopic data Table 1 and 2 .
9-Apoastaxanthinone 2
Compound 2 showed the absorption maximum at 272 nm. FAB MS showed a pseudomolecular ion peak at m/z 223, which was compatible with the molecular formula of C 13 The downfield-shifted methyl group at 2.36 ppm was assigned to a methyl ketone group at C-19. The relative stereochemistry was confirmed on the basis of the NOESY spectrum shown in Fig. 2 . Therefore, the structure of this compound was determined to be 9-apoastaxanthinone. Previously, Wolz et al. 14 identifi ed 9-apoastaxanthinone as a metabolite of astaxanthin in primary cultures of rat hepatocytes by GC-MS. However, detailed NMR data for this compound have not been reported yet. In the present study, 9-apoastaxanthinone was fully characterized by 1 Hand 13 C-NMR spectroscopy and the spectroscopic data of 2, which were previously incomplete, are reported.
11-Apoastaxanthinal 3
Compound 3 showed an absorption maximum at 300 nm. FAB MS revealed a pseudomolecular ion peak at m/z 249, which was compatible with the molecular formula of C 15 H signals were revealed by COSY experiments. The characteristic aldehyde signal at 10.18 ppm was assigned to H-11, which is the terminal position of the polyene chain. The E geometry of the polyene chain was confi rmed by NOESY experiments.
14 -Apoastaxanthinal 6
Compound 6 showed the absorption maximum at 407 nm. FAB MS showed a pseudomolecular ion peak at m/z 341, which was compatible with the molecular formula of H signals were revealed by COSY experiments. The characteristic aldehyde signal at 9.63 ppm was assigned to H-14 , which is the terminal position of the polyene chain. The relative stereochemistry was confi rmed on the basis of the NOESY spectrum. Overall, these data indicated that the structure of this compound was 14 -apoastaxanthinal.
The key HMBC or NOE correlations of 2, 3, and 6 are shown in Fig. 2 .
In addition to the oxidative degradation of β-carotene 5 7 , Table 2 13 C NMR spectral data for apoastaxanthins (2 and 4). , and canthaxanthin 10 , oxidative cleavage occurred at double bonds in the polyene chain in astaxanthin and formed apoastaxanthinals and apoastaxanthinones, as shown in Fig. 1 . In the case of β-carotene and lycopene, epoxidation also occurred during the oxidation. Epoxy compounds were not detected in this study. The percentage compositions of individual apoastaxanthin components produced by auto-oxidation are listed in Table 3 . 13-Apoastaxanthinone was obtained as the major product followed by 11-apoastaxanthinal, 9-apoastaxanthinone, and 10 -apoastaxanthinal, whereas 7-apoastaxanthinal, 15-apoastaxanthinal, 14 -apoastaxanthinal, 12 -apoastaxanthinal, and 8 -apoastaxanthinal were detected as minor components. These findings suggested that the double bond at C13 in astaxanthin was more easily oxidized than other double bonds followed by double bonds at C9 and C11.
We calculated the total energy of the formation of apoastaxanthinals and apoastaxanthinones using the Gaussian 03 program. The oxidatively cleaved double bond was estimated. The total energy cannot be compared when the number of atoms is different; this case may occur when a double bond is cleaved. Therefore, the total energies of aldehydes or a ketone were summed. The relative cleavage energies of double bonds at C7-C8, C9-C10, C11-C12, and C13-C14 in astaxanthin when the cleavage energy of the double bond at C-15-C15 was 0.0 kJ were 6.72, -29.53, -12.24, and -30.53 kJ, respectively Fig. 1 . The sum of the formation energy of the products aldehyde or ketone was compared when a double bond was oxygenated. For example, when the C13 double bond is oxygenated, 4 and 6 are produced. The yield of 6 was less than that of 4. This could have been caused by the relative ease of the cleavage of double bonds at C13-C14 and C13 -C14 in astaxanthin resulting in simultaneous double bond cleavage. More than 60 types of apocarotenoids are found in nature, including several foods 13 . 9-Apoastaxanthinone has been found in the metabolites of astaxanthin in rat hepatocytes 14 . Apoastaxanthins have also been found as impurities in synthetic astaxanthin 15 .
CONCLUSION
Auto-oxidation products of astaxanthin were investigated in this study. A series of apoastaxanthins 1-9 were identifi ed as reaction products. Among them, 13-apoastaxanthinone was obtained as a major product, followed by 11-apoastaxanthinal, 9-apoastaxanthinone, and 10 -apoastaxanthinal. The double bond at C13 in astaxanthin was more easily oxidized than the double bonds at other positions. Table 3 Percentage compositions of autooxidation products of astaxanthin.
